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Abstract 
Because of environmental and economic benefits, a fraction of cement is increasingly 
replaced by limestone fillers raising a question on to what extent limestone fillers affect the 
durability of cementitious materials. This work aims at understanding the effects of 
water/powder (w/p) ratio and limestone filler replacement on water permeability of cement 
pastes. A newly proposed technique using a controlled constant flow concept was applied to 
measure permeability of hardened cement paste samples following a factorial experimental 
design. It was observed that both limestone filler and w/p ratio significantly influence the 
water permeability. At a given w/p ratio, adding limestone filler made the microstructure 
coarser, especially for high w/p ratio. Nevertheless, if the comparison is based on a given 
water/cement (w/c) ratio instead of w/p ratio, the limestone filler replacement refined the 
microstructure in terms of capillary porosity and pore size distribution, resulting in 
permeability decreases of cement pastes. Furthermore, a modified Carmen-Kozeny relation 
was established which enables prediction of the permeability from capillary porosity and the 
critical pore diameter. 
 
 
1. Introduction 
 
Durability and performance of concrete are affected by a number of chemical degradation 
phenomena such as carbonation [1], calcium leaching [2], sulphate attack, chloride attack, and 
corrosion of the reinforcement bars [3]. Diffusivity and permeability of concrete determine 
how fast aggressive substances penetrate into concrete, thereby influencing almost all 
mentioned degradation mechanisms. Therefore, these are fundamental parameters for 
characterizing long-term performance of concrete rather than the standard compressive/tensile 
strengths.  
There are many factors influencing the permeability of cement-based materials. Several 
factors are classified as extrinsic related to experimental conditions such as applied pressure, 
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size of sample [4] and confining pressure [5]. Variation of these factors can cause a change of 
several orders of magnitude in permeability. Beside extrinsic factors influencing the 
permeability include porosity, pore size distribution, tortuosity, specific surface and micro 
cracks. These parameters are basically controlled by the water to cement ratio, particle size 
distribution (cement + aggregate), age of sample and type of constituent materials. Concrete 
with larger pore size has higher permeability than concrete with smaller pore size despite the 
same total porosity. This effect is normally reflected through the critical pore size. It is 
obvious that pore connectivity is one of the most critical factors influencing the permeability. 
Pores which are blocked cannot transport any fluid. The type of constituent materials mainly 
affects permeability through hydration degree, especially at early ages. As shown in many 
studies [6-10], the permeability increases with increasing w/c ratio because of a higher 
porosity at higher w/c ratio. However, to the knowledge of the authors, no direct connection 
between water to cement ratio and permeability has been proposed. A direct relation between 
porosity and permeability has been introduced by some researchers [11-15]. Nevertheless, 
porosity alone should not be a unique factor influencing the permeability, i.e. samples with 
the same porosity may have different permeability.  Few researchers have studied the effects 
of limestone filler replacement on permeability, but many questions still remain,  though 
replacing part of cement by limestone fillers is getting more attention in recent years because 
of its environmental and economic benefits. Most studies [16-18] agree that there is no 
significant change in transport properties as long as limestone filler replacement is less than 
10%. On the contrary, other studies [19, 20] found that oxygen permeability decreases with 
increasing limestone filler replacement. Some authors also state that concrete with limestone 
filler replacement increases the carbonation rate compared to concrete with the same 
water/powder (w/p) ratio [19, 21, 22].  
In the present study, the newly developed method to measure permeability of saturated 
materials [23, 24] was applied to investigate the effects of limestone filler replacement and 
w/p ratio on permeability of cement pastes. The effects of microstructural properties on 
permeability were deeply studied. Furthermore, a modified Carmen-Kozeny relation was 
established which enables predicting the permeability from capillary porosity and the critical 
pore diameter.  
 
 
2. Experiments 
 
2.1 Materials 
Experiments were performed on cement pastes made from cement, tap water and limestone 
filler. Type I ordinary Portland cement (CEM I 52.5 N) was used. The cement has quite high 
Blaine specific surface of 4350 cm2/g.  
Limestone filler (Calcitec 2001S) used has a Blaine specific surface of 3500 cm2/g and a 
CaCO3 content of 98.30%. Superplasticizer Glenium 27 was added to the mix with content of 
0.5% with respect to mass of cement.  
  
2.2. Factorial experimental program 
In order to investigate the effects of w/p ratio and the cement replacement by limestone filler 
(ls/p) on water permeability, diffusion of dissolved gas, carbonation and Ca-leaching, a 
factorial experimental design (Table 1) has been proposed. In cement industry, Portland 
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limestone cements have been produced by inter-grinding clinker and limestone (and gypsum) 
in which different limestone/(limestone + clinker) ratios are initially chosen. Therefore, the 
“water/cementitious material” ratio for Portland limestone cement is actually the 
“water/powder” ratio. To keep consistence, w/p ratio and limestone filler replacement were 
chosen in this study instead of w/c ratio and limestone filler replacement. However, the 
dilution effect due to limestone filler addition can be easily investigated by converting w/p 
ratio to w/c ratio.   
 
Table 1: Detail of factorial experiment design: LS = limestone filler; SP = superplasticizer 
Run Cement LS Powder Water  w/c w/p ls/p SP Sample 
order kg kg kg kg - - % l   
1 450 0 450 146 0.325 0.325 0 2.3 S1 
2 360 90 450 191 0.531 0.425 20 1.8 S2 
3 450 0 450 191 0.425 0.425 0 2.3 S3 
4 405 45 450 169 0.417 0.375 10 2.0 S4 
5 360 90 450 146 0.406 0.325 20 1.8 S5 
 
2.3. Determination of water permeability using a controlled constant flow method 
Cement paste was poured in a cylindrical PVC tube with inner diameter of 97.5 mm. The 
sample was cured in a sealed condition in a temperature controlled room (22 ± 2oC) for 27 
days. The 28-day-cured cement paste was sawn into 25 mm thin slices embedded into the 
polycarbonate part of the permeability cells. The samples were afterwards saturated in lime 
water. The saturated samples were then connected to permeability setup (Fig. 1) to determine 
the saturated permeability using a controlled constant flow method as described in [24]. 
 
Fig. 1:  Schematic test setup for permeability determination 
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3. Results and discussion   
 
3.1. Factorial experimental results  
The determined permeability coefficients of cement pastes with w/p ratios ranging from 0.325 
to 0.425 and limestone filler replacement ranging from 0 to 20% (see Table 1 for the detail of 
mix design) are represented by cube and interpolated surface (using Akima’s polynomial 
method [25]) plots in Fig. 2. It can be seen in the surface plot that, to improve the 
impermeability, one should choose a mix design with a low w/p ratio and low limestone filler 
replacement. In order to clearly visualize the effects of w/p ratio and limestone filler 
replacement on permeability, the main effects and interaction plots were built using statistical 
software Minitab [26]. The main effects plot (Fig. 3a) shows that the permeability strongly 
decreases with decreasing w/p ratio and limestone filler replacement. There does not seem to 
be a large difference in the magnitude of the effects of w/p ratio and limestone filler 
replacement as its quite similar slopes (referred to the changes of the response when factorial 
values vary from low to high levels). The regression equation (first-order) of logarithm of 
permeability coefficient is obtained as follows: 
 
log10(k) =  -17.65 + 12.47 ls/p + 11.74 w/p - 21.15 ls/p × w/p (1)
 
where k is the permeability coefficient [m/s]; ls/p is the ratio of limestone filler over powder 
(cement + limestone filler); w/p is the ratio of water over powder. The correlation coefficient 
(r2) is 0.9965 indicating that the predicted model fits the experimental data well.  
  
 
Fig. 2: Cube plot and interpolated surface plot of permeability (logarithmic transformation) 
vs. w/p ratio and limestone filler replacement (ls/p) 
 
 
The interaction plot (Fig. 3a) enables us to visualize the interaction effect (i.e. the combined 
effects of factors on the dependent measure. When an interaction effect is present, the impact 
of one factor depends on the level of the other factor) of w/p ratio and limestone filler 
replacement on the permeability. As the connected lines of factor levels are not parallel to 
each other, there might be interaction. However, the interaction is not significant because the 
extent of departure is small. The interaction is getting stronger with the increase of w/p ratio 
and limestone filler replacement.       
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Fig. 3: Main effects plot (a) and interaction plot (b) for permeability (logarithmic 
transformation) 
 
3.2. Pore structure and its effect on water permeability 
The porosity and pore size distribution are shown in Fig. 4. At a given w/p ratio, adding 
limestone filler made the microstructure coarser, especially for high w/p ratio (i.e. sample S2 
vs. sample S3). However, at a given w/c ratio, the limestone filler replacement refined the 
microstructure of the cement pastes. As evidenced in Table 2, sample S3 had higher porosity 
and bigger average pore diameter compared to sample S4 (10% limestone filler replacement) 
despite its quite similar w/c ratio (0.425 and 0.416). In most cases, the samples with larger 
porosity and coarser pore size distribution resulted in higher water permeability. However, 
sample S5 did not follow the general trend as it showed higher water permeability despite 
smaller porosity and finer pore size distribution compared to sample S4 (see Fig. 4). This 
phenomenon might a consequence of different air void content or macro pores in two 
samples. Unfortunately MIP experiment does not generally enable to detect air voids because 
air voids are only intruded after threshold pressure is reached, and thus counted for smaller 
pores. Furthermore, big pores may be intruded by mercury before increasing pressure, and are 
thereby not counted in total porosity.   
 
Table 2:  Summary of MIP results of reference samples 
Parameters 
w/p 
ls/p 
S1 
0.325 
0 
S2 
0.425 
0.2 
S3 
0.425 
0 
S4 
0.375 
0.1 
S5 
0.325 
0.2 
Permeability coefficient, m/s: 10-13.8 10-11.9 10-12.6 10-12.9 10-12.7 
Accessible porosity, %:                 10.40 23.65 16.48 13.73 12.92 
Average pore diameter (4V/A), nm:  22.67 29.87 26.09 24.24 25.40 
Critical pore diameter, nm:  25.74 49.87 32.00 36.41 29.03 
Specific surface, m2/g: 7.77 14.90 10.58 9.44 7.56 
               
Fig. 5 compares the measured permeability with literature values. Note that only results of the 
mixtures without limestone filler (S1 and S3) in the factorial experimental program and 
results in a separate study [24] using the proposed method are shown in Fig. 5. In general, the 
results obtained with the tested experimental setup are consistent with published data, 
especially with the data of [27] based on a traditional method in which a constant hydrostatic 
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pressure of about 3 bar is applied to truncated conical samples until a steady state flow is 
obtained (approximately 4 weeks). The favourable agreement gives confidence in the validity 
of the developed method. Permeability coefficients obtained from this study are lower than 
the results of Ye [28] and Goto et al. [7] by one order of magnitude, and higher than the 
results obtained from beam bending [9] and dynamic pressurization [29] methods although 
the values from beam bending and dynamic pressurization methods were obtained at earlier 
curing ages (21 and 14 days, respectively). The differences are attributed to variations in 
blending of the samples, curing conditions and the fineness of the cement used and especially 
to differences in the calculation of permeability values between direct and indirect methods. 
The way to pour and blend cement paste significantly influences the permeability, especially 
at high w/c ratios in which the cement pastes tend to develop vertical channels [27] if there is 
no sufficient solution to prevent bleeding. In this study, the bleeding potential was reduced 
thanks to short height and wide diameter of the mould besides good vibration during casting. 
 
  
Fig. 4: Porosity versus pore diameter determined by MIP (a) and differential pore size 
distribution determined by MIP (b) 
 
 
Fig. 5: Permeability of cement pastes at different w/c ratios and comparison of the current 
test results versus literature data: (*) measured at 21 days of curing, (**) measured at 14 days 
of curing, for the rest at 28 days of curing 
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The studied samples were cured in saturated lime water before testing while Ye only cured 
samples in sealed condition [28]. The degree of hydration of the lime water saturated curing 
samples is much higher than sealed curing samples; as such, there are more empty pores in 
the sample under sealed curing conditions [28, 30]. Additionally, the specific surface area 
(4350 cm2/g) of the Portland cement type I used in this study is higher than the ones used in 
the studies of Ye and Goto et al [7] while lower than the Portland cement type III (ASTM) 
used in the studies of Vichit-Vadakan et al. [9] and Grasley et al. [29]. It is believed that the 
degree of hydration is accelerated if the sample is cured in saturated lime solution and/or 
when the fineness of the cement is higher. Therefore, the porosity significantly reduces [31] 
and as a consequence the permeability decreases. The work of Banthia et al. [32] also showed 
a lower permeability of cement type III paste compared to cement type I paste.  
The interactions between water and cement matrix could be reduced in this proposed method 
because the continuous hydration of mature cement paste was limited because of the 
relatively short measurement time in the proposed method. Furthermore, the measurement 
was conducted on lime water saturated samples in a closed system which could decrease the 
dissolution of Ca(OH)2 and the carbonation of dissolved Ca(OH)2 – one of the main 
mechanisms of self-healing property of cement-based materials [33]. 
 
3.3. Discussion on the effect of limestone filler and w/p ratio on permeability 
In general, the total capillary porosity of cement paste is expected to decrease when its w/p (or 
w/c) ratio is lower [7, 34-36]. In this study, this trend is confirmed again by increasing 58% 
and 83% the MIP porosity when w/p ratio increases from 0.325 to 0.425 for sample with and 
without 20% limestone filler replacement, respectively.   The decrease in capillary porosity 
(which is composed mainly of large and connected pores) leads to a limitation or a decrease 
of pathways in hardened cement paste resulting in a reduced permeability.  
Literature on the effects of limestone filler addition on transport properties of cement-based 
materials is quite scattered. Most studies [16-18] agree that there is no significant change in 
transport properties as long as limestone filler replacement is less than 10%.  Tsivilis et al. 
[18] measured the gas and water permeability of concretes with different limestone filler 
replacements (up to 35%). The gas permeability increases with the increase of limestone filler 
replacement while the water permeability exhibits an opposite behaviour. However, the 
change in permeability is not that significant (less than 30%) which might not be different 
enough to overwhelm the error on permeability measurement. The high w/c ratios (0.62 and 
0.7) may result in a minor effect on the permeability characteristics as stated by the authors. 
On the contrary, Matthews [19] found that oxygen permeability decreases with increasing 
limestone filler replacement (up to 25%), In this case, the w/c ratio is 0.6 which is a bit lower 
than one of Tsivilis’ study. Moir et al. [20] also found that the presence of limestone slightly 
reduces the oxygen permeability concretes made with 5 or 25 % limestone filler replacement. 
Ramezanianpour et al. [16] measured the water penetration depths of concrete mixtures made 
with 0, 5%, 10%, 15% and 20% limestone filler replacements. The authors found that the 
minimum water penetration depth is obtained for the mixture with 10% limestone filler 
replacement. Adding 20% limestone filler replacement results in the worst water permeability 
regardless curing ages.      
Generally, the reduction of transport properties is attributed to the nucleation effect of fine 
particles of CaCO3 which refines the pore structure of pastes. The connectivity of the pore 
structure is reduced. On the other hand, the increase in transport properties normally relies on 
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the hypothesis that fluid transports faster in the interfacial transition zone between bulk 
cement paste and limestone particles. Furthermore, water demand (for the same hydration 
degree) is lower for limestone-cement paste if limestone filler is considered as inert filler. 
Thus, with the same w/p ratio, more water in limestone-cement paste results in more pores 
after hydration and setting. In order to know which effects are dominant, knowledge of the 
quality of limestone filler and cement, which is characterized by particle size distribution, and 
compositions of both cement and limestone filler is needed. The method to incorporate 
cement/clinker with limestone (blending or inter-grinding) may affect the properties of 
limestone-cement-based materials as it might produce somehow different particle size 
distributions. In this study, limestone filler was added to plain cement by blending. The 
particle size distribution of the limestone filler was coarser than the one of the cement. For 
these reasons, it might support the finding that with the same w/c ratio, limestone filler 
replacement increases the porosity resulted in water permeability increase in this study. 
 
3.4 Correlation between pore structure parameters and water permeability 
This section aims at finding how water permeability is correlated to key pore structure 
parameters as determined by MIP. The main parameter influencing permeability is accessible 
porosity. However, porosity itself is not well correlated with the water permeability as shown 
in Fig. 6a. Another factor significantly affecting the water permeability is the pore size 
distribution which is characterized by several parameters including critical, threshold (the 
largest pore size at which pore volume is significantly increased) and average pore diameters. 
Furthermore, water permeability also depends on tortuosity which accounts for the tortuous 
and reduced transport pathway. However, it is impossible to measure tortuosity directly. The 
authors of this work tried to relate the water permeability with 2 measureable parameters: 
accessible porosity and critical pore diameter (from MIP experiments) by modifying the 
Carman-Kozeny relation [37] as follows: 
2.5
2
(1 )w cr
k d I9 I   
(2)
             
  
Fig. 6: Correlation of intrinsic water permeability and accessible porosity (a) and 
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By plotting the intrinsic water permeability (converted from hydraulic conductivity) versus
2.5
2
(1 )cr
d I I , we found a good correlation with correlation coefficient of 0.99 as shown in Fig. 
6. The slope yields value of 0.00179   [-]. The relationship gives an estimation of 
permeability if the key parameters (determined by MIP) are known.       
 
 
4. Conclusions 
 
In this study, the effects of limestone filler replacement and w/p (w/c) ratio on microstructure, 
and water permeability were investigated. The permeability results obtained from the newly 
developed method were comparable with results from studies reported in literature even 
though there were some variations due to differences in sample preparation and cement type.  
It was observed that both limestone filler and w/p ratio had significant influences on water 
permeability. Permeability was increased with the increase of w/p ratio and limestone filler 
replacement. However, there was no interaction effect between w/p ratio and limestone filler 
replacement in the testing range (w/p = 0.325; 0.375; 0.425 and ls/p = 0; 0.1; 0.2). At a given 
w/p ratio, adding limestone filler made the capillary pore coarser, especially for high w/p 
ratio. Nevertheless, if the comparison is based on a given w/c ratio instead of w/p ratio, the 
limestone filler replacement refined the microstructure resulting in permeability decreases of 
cement pastes.  
The water permeability was highly correlated to key pore structure parameters obtained from 
MIP experiments: accessible porosity and critical pore diameter. A good correlation between 
intrinsic water permeability and 
2.5
2
(1 )cr
d I I  was found. However, more experimental data are 
needed to validate this relation.  
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